Abstract
Introduction 50 51
Environmental and climatic changes were frequent during the Late Quaternary; some even 52 relatively abrupt (Mayewski et al., 2004) . Many of them have been reliably recorded by 53 environmental archives in the form of long-term records, which contain key information that 54 offers a unique opportunity to study the patterns of ecological change ; 55 Williams et al., 2011) . Among these records those related to vegetation dynamics are the most 56 investigated. As with any other natural system, vegetation has some resilience to withstand 57 environmental change. However, the capacity to buffer changes, either natural or 58 anthropogenic, varies at different spatial and time scales, and sometimes involves gradual or 59 abrupt modifications/reorganisations of the structure and functioning in response to 60 perturbations (Holling, 1973; Dearing, 2008) . Thus, there is an obvious need to understand the 61 post-disturbance responses of vegetation since disturbance is a key factor structuring its 62 composition. As Ritchie (1986: 72) In this study we consider the taxa included in the TLP as related to a regional signal, while 178 hydro-hygrophytes and NPP as components of the local signal. When we refer to regional 179 vegetation we mean close regional. Distinguishing local from regional vegetation in a soil 180 sequence, compared to sequences from wetlands such as mires and lakes, is challenging. In 181 the latter, the local vegetation communities can be identified, but in colluvial soils this approach 182
is not as straightforward. However, NPP can be safely considered as local indicators as their 183 dispersal is limited. The case of the hydro-hygrophyte taxa is more complex, as they could also 184 be part of the regional communities. The PRD-4 sequence is located in a small depression, so 185 variations in moisture and water availability could be responsible for differences in local 186 communities. For this reason, we have included the hydro-hygrophytes into the local signal as 187 they follow patterns related to those found for the NPP (Fig. 4) (Birks, 1985) . Thus, to extract the information of the local and regional proxies we 211 applied multivariate statistical techniques. Stratigraphically constrained cluster analysis by the 212 method of total sum of squares (Grimm, 1987 ) was used to define local and regional 213 palynological zones, which are based on changes (in terms of Euclidian distance) in the pollen 214 assemblages between consecutive samples. These zones are usually interpreted as shifts in 215 vegetation composition. Two cluster analyses were performed: one for regional taxa, including 216 the types considered in the TLP; and another for local taxa, including hydro-hygrophytes and 217
NPP. As such, the data comprised 41 and 24 taxa, respectively. Percentage values were used 218 after the palynological data were re-summed to 100% for the taxa not included in the TLP (local 219 signal). Thus the purpose was to perform two independent zonations that enable the 220 comparison between the results of local and regional proxies. 221
In addition, principal component analysis (PCA) was used to describe the main 222 features of the palynological record and get insights into the representativeness of changes in 223 vegetation composition through time and the type of response to environmental change. Again, 224 separate analyses were performed for regional and local taxa, both on the transposed data 225 matrices (PCAtr); that is, with samples in columns (variables) and taxa in rows (cases). This 226 approach is intuitive to interpret palynological data from an ecological point of view, and it 227 enables summarizing the palynological composition of the samples based on co-variation 228 patterns. Correlation matrices were used, and varimax rotation solutions were applied to 229 constrain the co-variation in the components. PCA analyses were done using SPSS 15.0. 230
Due to the fact that the number of palynomorphs in the local signal is lower than the 231 number of types in the regional signal, the reliability of the statistical results is of concern. 232 However, the average of the local sum is 170, and the average number of taxa per sample is 233 10.6, not too low if we consider that the number of counted NPP is often lower in most 234 palynological studies. Nonetheless, some samples have low local sums, mainly at the bottom 235 and the top of the sequence (24-49 palynomorphs), but the taxonomic diversity is not much 236 lower in these samples (6-12 different taxa), so that we believe that the results of the statistical 237 analysis are representative and significant. 238
The use of a transposed matrix demands a careful interpretation of some key concepts 239 associated to conventional PCA, typically applied to non-transposed datasets (i.e. samples as 240 rows and variables as columns). This is because, contrary to the usual focus of the PCA, i.e. and Coniochaeta xylariispora has a moderate negative factor score (Fig. 6) . Thus, at this depth, 293 PC3L reflects an abrupt short-term shift in this zone between sedges and bracken, but also 294
indicates an opposite pattern between Pteridium aquilinum and Coniochaeta xylariispora, which 295 may reflect woodland opening and accumulated dead wood, respectively. Moreover, the 296 punctual presence of Glomus in this sample could be related to erosion linked to drier 297
conditions. 298
In LAZ-4 (140-100 cm, ~7580-4800 cal yr BP), PC1L still explains most of the variance 299 (36-94%), but with increasing proportions accounted by PC3L (3-56%; Fig. 5 ), indicating a more 300 or less gradual replacement of Cyperaceae by Pteridium aquilinum. The detection of 301 coprophilous fungi, such as Sordaria-type, Sporormiella-type, Podospora-type and Cercophora-302 type (Fig. 4) , suggests that this change could be related to grazing activities in the local 303 surroundings. Moreover, the abundance of macroscopic (>2 mm) charcoal particles (from 304 hereon charcoal, Fig. 2 ) increased simultaneously with the appearance of grazing indicators. 305
From 100 to 45 cm, corresponding to zones LAZ-5 to LAZ-7, charcoal concentration 306 increased (Fig. 2) , most of which originated from deciduous Quercus (Kaal et al., 2011) . LAZ-5 307 (100-70 cm; ~4800-3400 cal yr BP) is characterised by the second principal component (PC2L), 308 which explains the vast majority of the variance in the pollen composition of this zone (71-94%; 309
Fig. 5).
Polypodium vulgare type has a large positive score, while Coniochaeta xylariispora has 310 a moderate positive score (Fig. 6) . The increase in charcoal fragments in this zone is not 311 associated to grazing activities, as they are not recorded in tandem with synanthropic pollen 312 and coprophilous fungal spores (Figs. 4 and 7) , but could be climate-induced, although human 313 activities with purposes other than animal husbandry could have also been important. 314
In LAZ-6 (70-55 cm; ~3400-2510 cal yr BP), PC2L also explains most of the variance 315 Anthostomella cf. fuegiana have large negative factor scores (Fig. 6) . Polypodium vulgare type 319 continues to be the main taxon in the local vegetation although soil erosion is inferred from the 320 presence of Pseudoschizaea. Soil erosion was probably exacerbated by grazing (renewed 321 appearance of coprophilous fungi) and the lack of arboreal tree cover (low arboreal pollen 322 percentages; Fig. 7) . 323
In LAZ-7 (55-45 cm; ~2510-1830 cal yr BP), PC2L dominates the record (55-57%), 324 although PC3L is also important (25-28%; Fig. 5 ). Thus, Polypodium vulgare type and Pteridium 325 aquilinum are the best represented local taxa. In this zone, the maximum concentration of 326 charcoal particles was detected (Fig. 2) . 327 PC1L (Cyperaceae) is important again, explaining 52% of the variance (Fig. 5) . 336 337
Regional signal 338 339
Eight Regional Assemblage Zones (RAZ) were detected with the cluster analysis (Fig. 7) while 340 four principal components explained 96.6% of the total variance. The percentage of the 341 variance explained by each principal component can be seen in Table 3 , and the fractionation 342 of the communality and the factor scores are given in Figs. 8 and 9 , respectively. 343
In RAZ-1 (235-210 cm, ~13,900-12,370 cal yr BP) the second principal component 344 (PC2R) explains most of the variance (91-98%; Fig. 8) . Betula has the largest positive factor 345 score, while Poaceae and Cytisus/Ulex type also have positive scores and deciduous Quercus 346 a moderate negative score (Fig. 9) . Although these pollen types are the taxa that show the 347 largest statistical association to this zone, Artemisia, Chenopodiaceae and Juniperus are also 348 present (Fig. 7) and they are indicative of dry, cold conditions. 349 
8). This implies that the deciduous Quercus 368
forests were extensive and only some remnants of the "cold vegetation", more abundant in 369 previous stages, still persisted. In RAZ-5 (130-100 cm; ~6870-4800 cal yr BP), PC1R continues 370 to explain most of the variance (86-93%; Fig. 8 ). It is noteworthy that, although in RAZ-5 the 371 oak forest is well developed, indicators of human pressure such as Plantago lanceolata type, 372
Plantago major/media type, Urtica dioica type and Rumex acetosella type were also detected 373 (Fig.7) . Additionally, at a local scale, an increase in coprophilous fungi was also detected at 374 140 cm (~7580 cal yr BP).The local vegetation underwent some changes (see above), but 375 apparently these were minor at the regional scale as they did not affect the overall composition 376 of the regional forest and it seems that only a small reduction of the arboreal cover occurred 377 (Fig.7) . 378
In RAZ-6 (100-55 cm; ~4800-2510 cal yr BP), PC1R loses significance gradually (18-379 84% of the variance) while PC3R shows increasing percentages (12-61%; Fig. 8 ). This may 380 imply a gradual response of the regional vegetation to the intensification in the fire regime, as 381 suggested by the increase in charcoal concentration (Fig. 2) and the substitution of the mature 382 oak forest by an open oak forest with an increasing expansion of grass-and shrubland. 383
Moreover, palynological indicators of grazing activities (coprophilous fungi, Plantago lanceolata 384 type, Plantago major/media type and Urtica dioica type) are detected from 70 cm depth (~3400 385 cal yr BP), suggesting there was a phase of fires without simultaneous grazing disturbance 386 beforehand (~4800-3400 cal yr BP). 387
In RAZ-7 (55-35 cm; ~2510-1200 cal yr BP) the open oak forest is the dominant 388 vegetation community, as PC3R explains most of the variance (53-70%) of the samples (Fig. 8) . 389
A reduction in charcoal concentration was observed for the top 45 cm of the soil sequence 390 (from ~1830 cal yr BP; Fig. 2) , although a change in the regional vegetation is not recorded 391 until ~1200 cal yr BP when grazing indicators lose their importance (Fig. 7) . At that time a 392 complete change in the vegetation composition defines the onset of RAZ-8 (35 cm-top; ~1200 393 cal yr BP-present). PC4R explains most of the variance (29-87%) of the samples (Fig. 8) . Erica 394 type has a large positive factor score, while Pinus sylvestris type, Pinus pinaster and Calluna 395 have moderate positive scores. Thus they reflect the spread of heathland and pine occurring 396 during the last few centuries. Additionally, Eucalyptus pollen has also been found in this zone 397 (Fig. 7) . 398 399
Vegetation composition and post-disturbance vegetation dynamics 400 401
Several features from the results described above are worth of emphasising (Fig. 10) . First, 402 complex ecological histories reflected by changes in the vegetation composition were detected 403 at both local and regional scales, because multiple drivers were operating across different 404 space and time scales. Second, gradual, threshold and elastic responses occurred during the 405 last millennia. And, third, the regional response to a perturbation was sometimes delayed with 406 respect to the local response. 407 At ~10,670 cal yr BP a shift towards more humid conditions can be inferred from the 425 presence of Spirogyra and Mougeotia and virtual disappearance of Pleospora (Fig. 4) , which is 426 probably related to the onset of the Hypsithermal/Holocene Thermal Maximum. Although the 427 change was recorded, it seems that the increase in humidity did not cause a significant 428 variation in the local palynological assemblage, as PC1L (Cyperaceae) was still the main 429 principal component. At the regional scale a gradual response is suggested by a shift from the 430 open landscape with Betula (PC2R) to a denser oak-dominated forest (PC1R; Fig. 10 ). The 431 change in vegetation composition points to a gradual spread of the oak forest; however 432 remnants of the Late Pleistocene vegetation were still present. It is likely that the regional 433 vegetation was near its ecological limit and more humid, and probably warmer, conditions 434 prompted a change in the forest. 435
An abrupt short-lived change in the structure of the vegetation has been detected at 436 ~8920-8620 cal yr BP. At a local scale Pteridium aquilinum spread as the main taxon (PC3L), 437 while at regional scale the open landscape with Betula (PC2R) became re-established (Fig. 10) . 438
Both are considered to be short-term disturbances in which the vegetation showed an elastic 439 response, as its composition (both local and regional) completely recovered thereafter (Fig.  440   10) . This short-term perturbation is likely to be related to the cold 8200 cal yr BP event. 441
Although the chronology in PRD-4 is somewhat older, the difference can be assumed within the 442 to spread (PC3L). Bracken easily colonizes disturbed ground, including burnt areas (Salvo, 454 1990) , and the charcoal record provides unequivocal evidence of fires (Fig. 10) . However, at 455 the regional scale the well-established oak forest did not show any significant change until 456 ~6870 cal yr BP (Fig. 10) , when a sensitive response was detected on the basis of the cluster 457 analysis. Although a decrease in the arboreal pollen (Fig. 7) and an increase in charcoal ( (Fig. 2) . At the regional scale the response 470 was gradual with closed oak woodland (PC1R) evolving into an open forest, and the spread of 471 Poaceae and, since ~3400 cal BP, of Cistus ladanifer (PC3R) (Fig. 10) . These results for the 472 period between ~4800-3400 cal yr BP can be summarized as a regional reduction of forest 473 cover and expansion of ferns and herbaceous species caused by increased fire activity (yet 474 negligible grazing pressure). The shift to locally drier conditions might suggest that the cause of 475 these changes was climatic -this chronology broadly coincides with the Neoglaciation, as found 476 in other records from NW Iberia (Martínez Cortizas et al., 1999; López-Merino et al., 2010a) -477 but further research, taking into account the information of nearby environmental records and 478 archaeological findings, is necessary to confirm it. In the nearby PRD-2 soil sequence the 479 overall picture is slightly different, as coprophilous fungi are present in the record since ~5500 480 cal yr BP, indicating local grazing (Carrión et al., 2010b) . But between ~4000 and 3500 cal yr 481 BP a change in the composition occurred, with increased abundance of Sporormiella-type, 482
while Sordaria-type was more frequently recorded before ~4000 and after 3500 cal BP. From 483 ~4000 to 3500 cal yr BP there was an intensification of the fire regime, probably indicating 484 changes in landscape management. 485
Multiple responses were identified at PRD-4 after ~3400 cal yr BP. At the regional 486
scale a more open oak forest was dominant between ~2510 cal yr BP and ~1200 cal yr BP 487 (PC3R, Fig. 10 ), the period with the lowest percentages of arboreal pollen of the whole record 488 (Fig. 7) , and for which the maximum concentration of charcoal was found ( Cyperaceae / Pteridium aquilinum. In the last stage (top sample), the palynological composition 498 is dominated by Cyperaceae (PC1L) and Pteridium aquilinum (PC3L), which were the main taxa 499 prior to the period characterised by an intense fire regime, indicating an elastic response of the 500 local vegetation. However, at the regional scale there was no such immediate shift in the 501 system, although by ~1200 cal yr BP a threshold response is characterised by the abrupt 502 spread of heathland (PC4R) coeval with the decrease in grazing indicators and greater 503 importance of pine and, somewhat later (~800 cal yr BP), cereal crops (Figs. 4 and 7) . This 504 delayed response at the regional scale could be explained by the fires being localised and/or 505 by the oak woodland showing resilience until other drivers amplified the effects of the changing 506 environmental conditions (e.g. lower grazing pressure and perhaps the start of crop cultivation). 507
Heathland is a common feature of the current landscape of NW Iberia, but there are significant 508 differences in the chronology and intensity of the replacement of deciduous woodlands by 509 heathlands. In PRD-2, fire and grazing induced forest regression and Ericaceae/Fabaceae 510 shrubland expansion was significant by around ~5500 cal yr BP, and the complete colonisation 511 of the area by heathland was detected in the pollen record at ~1880-1695 cal BP (Carrión et 512 al., 2010b) . In other palynological studies in nearby areas the spread of heathlands was found 513 since the initial stages of the Iron Age (~2800 cal yr BP; van Mourik, 1986), while in PRD-4 it 514 was detected during the Medieval Period (~1200 cal yr BP). 515 516
Conclusions 517 518
The palynological study of the PRD-4 sequence allowed us to infer the different environmental 519 With regard to the current observed and projected climate change, human-induced 529 perturbations and related vegetation dynamics, we believe that the PRD-4 record offers a good 530 example (Fig. 10) of the complexity and variability of vegetation responses (threshold, gradual, 531 elastic and resilience) to environmental perturbations since the late Pleistocene. The main 532 concern today is the impact of human-induced perturbations, not only on the landscape but 533 also on climate. Therefore a more profound knowledge of the buffering ability of ecosystems is 534 needed to predict to what extent human activities can promote drastic and unforeseen 535 changes, and to help to manage the landscape in a more sustainable way. We have to be 536 aware that the consequences of the increasing human-induced perturbations might be yet to 537 come. In this sense, long-term ecological research is a necessary tool to reconstruct the history 538 of ecosystems and its complexities. 539
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